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Abstract
Application of extremely low frequency pulsed DC electric fields that are frequency- and phase-matched with endogenous
metabolic oscillations leads to greatly exaggerated neutrophil extension and metabolic resonance wherein oscillatory
NAD(P)H amplitudes are increased. In the presence of a resonant field, migrating cell length grows from 10 toW40 Wm, as
does the overall length of microfilament assemblies. In contrast, cells stop locomotion and become spherical when exposed to
phase-mismatched fields. Although cellular effects were not found to be dependent on electrode type and buffer, they were
sensitive to temporal constraints (phase and pulse length) and cell surface charge. We suggest an electromechanical coupling
hypothesis wherein applied electric fields and cytoskeletal polymerization forces act together to overcome the surface/cortical
tension of neutrophils, thus promoting net cytoskeletal assembly and heightened metabolic amplitudes. Metabolic resonance
enhances reactive oxygen metabolic production by neutrophils. Furthermore, cellular DNA damage was observed after
prolonged metabolic resonance using both single cell gel electrophoresis (‘comet’ assay) and 3P-OH DNA labeling using
terminal deoxynucleotidyl transferase. These results provide insights into transmembrane signal processing and cell
interactions with weak electric fields. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Cell signaling is often envisioned as a propagated
transmembrane potential change, such as that initi-
ated by acetylcholine receptors, or as a series/cascade
of biochemical reactions linked by the di¡usion of
substrates and products, such as that triggered by
adrenergic receptors [1]. However, recent studies
have suggested an important role for intracellular
oscillators in transmembrane signaling [2,3]. For ex-
ample, intracellular calcium oscillations have been
suggested to encode information in their frequency,
amplitude, duration, and number [3^7]. Recently, we
have proposed that metabolic (e.g., NADPH and
ATP) oscillations of neutrophils may entrain a vari-
ety of downstream oscillations including transmem-
brane signaling via kinase/phosphatase pathways,
superoxide production, and micro¢lament extension
[8^10]. Indeed, neutrophil migration and/or activa-
tion leads to oscillations in receptor proximity, actin
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assembly, shape change, velocity change, respiratory
burst, pericellular proteolysis, intracellular calcium,
and membrane potential [10]. Moreover, these func-
tional oscillations match the 10- and 20-s periods
observed for NAD(P)H oscillations of neutrophils
[8,9]. These ¢ndings have led to a model of cell func-
tions driven by metabolic clocks [10].
One corollary of this model is that patients with
disorders in leukocyte tra⁄cking/motility may dis-
play aberrations in signaling or metabolic oscilla-
tions. We have recently found that patients with
moderate and severe forms of pyoderma gangreno-
sum display defects at the level of signaling or signal-
ing and metabolic oscillations, respectively [11,12].
Aberrations have also been observed in metabolic
oscillations of neutrophils from Wiscott^Aldrich syn-
drome patients (unpublished). A second corollary of
this model is that the neutrophil’s ability to sense the
extracellular environment also operates with this
same signal sampling rate. Using spatially uniform,
temporally varying pulsed chemical ¢elds of L-form-
yl-Met-Leu-Phe (FMLP) in a stopped-£ow chamber,
we have shown that neutrophils respond optimally to
a 10-s interval of a pulsed decreasing concentration
pro¢le of FMLP by 180‡ directional turning [13]. We
now extend this second corollary by analyzing the
conditions under which neutrophils are able to detect
weak time-varying external electric ¢elds, which com-
plement previous experiments at moderate ¢eld
strengths [9].
The ability of weak electromagnetic ¢elds to a¡ect
human cells and human health has been the subject
of numerous cellular and epidemiological studies,
with a variety of results [14^19]. Immunological re-
sponses, in£ammation, leukemia, cancer, wound
healing, developmental processes, and nerve regener-
ation may be a¡ected by electromagnetic ¢elds [16^
19]; interestingly, these processes all involved cell
migration. Given the oscillatory nature of electric
¢elds and the signal transduction apparatus, we
tuned the electric ¢eld frequency and phase proper-
ties to match the cells’ internal oscillators, instead of
applying a ¢eld then expecting the biological proper-
ties to follow. We now report that external pulsed
DC electric ¢elds phase-matched to endogenous cel-
lular oscillations lead to enhanced metabolic oscilla-
tions or metabolic resonance and cell extension. In
contrast to prior studies which have focused on ¢eld
intensity, we ¢nd robust responses over a broad
range of intensities by focusing on the frequency
and phase properties of ¢eld exposure.
2. Materials and methods
2.1. Materials and cell preparation
Reagents were obtained from Sigma (St. Louis,
MO), unless otherwise noted. Type VIII neuramini-
dase was employed. Neutrophils were isolated from
the peripheral blood of normal healthy adults (Amer-
ican Red Cross, Detroit, MI) using Ficoll-Hypaque
density gradient centrifugation [20]. Puri¢ed cells
were s 95% viable as judged by Trypan blue exclu-
sion.
2.2. Liposome preparation
Liposomes were prepared as previously described
[21]. Brie£y, a solution of dipalmitoylphosphatidyl-
choline (1.5 mg total) was dried under a stream of N2
gas while being rotated. Samples were hydrated for
2 min in PBS or PBS containing 200 mg/ml NADPH
at 50‡C. Hydrated samples were then vigorously
shaken for 1 min. The liposomes were washed at
least three times with PBS.
2.3. Electrode con¢guration
Electric ¢elds were applied using two parallel plat-
inum electrodes or Ag/AgCl electrodes (MF-2063;
Bioanalytical Systems, West Lafayette, IN) as de-
scribed for optical microscopic imaging [22,23]. The
electrode con¢gurations are illustrated in Fig. 1. In
some experiments samples were isolated from the
electrodes using a gelatin matrix. A power supply
(Grass Medical Instruments, Quincy, MA) was
used to apply a pulsed square wave DC electric ¢elds
of various intensities. The pulsed ¢eld was manually
applied by observation of an oscilloscope. At low
¢eld strengths, samples were shielded using a mume-
tal (Magnetic Shield, Bensenville, IL) enclosure sur-
rounding the microscope stage. One-cm ports al-
lowed the passage of light. Electric ¢eld intensities
were determined by measuring the current [23] using
an electrometer (Keithley, Cleveland, OH; model
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6517A) which has an extremely low voltage burden,
fast settling time and high resolution. Current pro-
¢les were captured by computer. To further control
for the in£uence of spurious ¢elds, all non-essential
equipment was shut down followed by 90‡ rotations
of powered-up equipment through di¡erent direc-
tions with no e¡ect.
2.4. Matrix preparation
Matrices containing 2% gelatin were prepared at
45‡C. To detect oxidant release from cells, 100 ng/ml
dihydrotetramethylrosamine (H2TMRos; Molecular
Probes, Eugene, OR) was added to the gelatin by
mixing at 45‡C [9]. H2TMRos is not £uorescent,
but is oxidized to the TMRos, which is highly £uo-
rescent [24]. The mixtures were then allowed to cool
to 37‡C, where they were semi-solids. Cells migrating
through these matrices generate oxidants thus form-
ing TMRos, that is trapped, within the matrices [9].
2.5. Cytoskeletal labeling
The distribution of cellular actin was studied using
£uorescein-phalloidin (Molecular Probes, Eugene,
OR). Cells were ¢xed for £uorescence microscopy
using the dithiobis(succinimidyl propionate) (DSP)
procedure, which provides superior retention of la-
bile cellular ¢laments [25]. Brie£y, cells were ¢rst
¢xed using DSP (1 Wg/ml; Pierce, Rockford, IL) in
HBSS for 10 min at 37‡C. Cells were extracted using
0.5% Triton X-100 in stabilizing bu¡er (1 mM
EGTA, 4% polyethylene glycol 8000, 0.0015% Phe-
nol red, and 100 mM PIPES at pH 6.9) followed by a
5-min incubation with stabilizing bu¡er alone. Sam-
ples were then washed with HBSS and ¢xed with
3.75% paraformaldehyde for 20 min at room temper-
ature. Cells were washed again with HBSS, blocked
with BSA (1 mg/ml) for 20 min, washed, then labeled
with £uorescein-phalloidin using the procedure rec-
ommended by the manufacturer. After staining, the
cells exposed to phase-matched electric ¢elds were
relocated for £uorescence microscopy. To provide a
comparison with conventional ¢xation protocols,
DSP was replaced as the initial ¢xative with 3.75%
paraformaldehyde.
2.6. Single cell gel electrophoresis ‘comet’ assay of
DNA damage
To detect DNA damage at the single cell level, the
comet assay was performed as previously described
[26,27]. Our studies required that an individual cell
undergoes metabolic resonance followed by analysis
of DNA damage/fragmentation in that same cell. To
accomplish this goal, freshly isolated neutrophils
were embedded within high purity low melting point
agarose (Sigma, St. Louis, MO) used in the comet
assay [26]. The Pt electrode system described above
was used to provide a pulsed DC electric ¢eld to the
samples which was applied at NAD(P)H troughs, as
described below in Section 2.8. Metabolic resonance
was stimulated for various periods of time at various
¢eld strengths followed by treatment with alkaline/
detergent lysis solution [26]. The agarose/slide sand-
wiches containing the nuclear DNA extracts were
electrophoresed in situ at 25 V for 25 min. Sample
DNA was then stained with ethidium bromide at
2 Wg/ml [26]. The slides were then returned to their
original positions followed by imaging of the stained
DNA using a rhodamine ¢lter set.
Fig. 1. Electrode con¢gurations. (A) Pt electrode con¢guration.
1, Cable and wire con¢guration. The wire runs parallel to the
long axis of the microscope slide; 2, gel matrix to isolate cells ;
3, cells ; 4, bu¡er. (B) Ag/AgCl electrode con¢guration. 5, wire
to power supply; 6, Ag/AgCl electrode with Vycor frit. Elec-
trode is perpendicular to the microscope slide; 7, cells ; 8, gel
matrix to isolate cells ; 9, agarose.
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2.7. Terminal deoxynucleotidyltransferase detection of
3P OH termini of DNA
DNA strand breaks were detected using the Apo-
Direct kit (PharMingen, San Diego, CA). Brie£y,
terminal deoxynucleotidyl transferase was used to
add £uorescein-dUTP to free 3P-OH sites of DNA
strand breaks [28]. After induction of metabolic res-
onance for various periods of time, cells were pro-
cessed and labeled as suggested by the manufacturer.
The same cells were then relocated and photo-
graphed using a £uorescein ¢lter set.
2.8. Microscopy
Cells were examined using an automated axiovert
inverted £uorescence microscope (Carl Zeiss, New
York, NY) with mercury illumination (HBO100
burners) and a quartz epi£uorescence condenser
and quartz objectives interfaced to a Perceptics Bio-
vision system (Knoxville, TN) [20]. All quantitative
experiments were performed using a 40U objective
to provide depth of ¢eld and a Zeiss temperature
stage set to 37‡C. Brie£y, £uorescein £uorescence
were detected using a 485DF22 nm and 530DF30
nm excitation and emission ¢lters and a 510 long-
pass dichroic mirror. TMRos £uorescence was de-
tected using a 540DF20 nm and 590DF30 ¢lter set
with a 560 long-pass dichroic mirror. NAD(P)H au-
to£uorescence was detected using 365DF20 and
405DF35 ¢lters and a 405 long-pass dichroic mirror
as previously described [29]. The reagent tetrameth-
ylrhodamine, methyl ester, perchlorate (TRME; Mo-
lecular Probes) was used to label cells at 10 Wg/ml, as
described [29]. At this high dose, TRME is a good
indicator of cell thickness [29]. In some cases, pinhole
excitation of £uorescence was performed using a
Zeiss optical apparatus with a pinhole or diaphram
inserted into a ¢eld-conjugated plane near a mercury
lamp. Fluorescence levels were quantitated using a
Hamamatsu (Bridgewater, NJ) photomultiplier tube
held in a Products for Research (Danvers, MA)
housing coupled to an ampli¢er and photon counting
apparatus (Photochemical Research Associates, Lon-
don, Ont.) attached to the microscope [20]. Cells
were illuminated individually to ensure that each ex-
periment corresponded to just one cell. In addition,
background photon count rates were taken from an
adjacent area on the slide that contained no cells. A
digital oscilloscope was used to monitor kinetic
changes in £uorescence levels. Di¡erential interfer-
ence contrast (DIC) and £uorescence micrographs
were collected as described [20].
2.9. Single cell imaging spectrophotometry
Fluorescence emission properties of cells and lipo-
somes were assessed using a microscope/imaging
spectrophotometer system. To minimize light losses,
a Zeiss IM-135 axiovert microscope with a bottom
port was employed. The bottom port was ¢ber-opti-
cally coupled to an Acton-150 (Acton, MA) imaging
spectrophotometer. The exit side was connected to a
liquid nitrogen cooled intensi¢er which was, in turn,
attached to a Peltier-cooled I-MAX-512 camera
(Princeton Instruments, Trenton, NJ). Spectra collec-
tion was controlled by a high-speed Princeton ST-
133 interface and a Stanford Research Systems (Sun-
nyvale, CA) DG-535 delay gate generator. These sys-
tems were interfaced to a Dell 410 workstation run-
ning Winspec software. Excitation was provided by
an optical ¢lter at 365DF20 nm and a 405lp dichroic
mirror. A 405lp emission ¢lter was employed. An Hg
source was employed to calibrate the wavelength
axis.
2.10. Statistics
Statistical evaluations were performed using Stu-
dent’s t-test. P values for key comparisons are given
in the text.
3. Results
3.1. System characterization
3.1.1. Power supply properties
Electric ¢elds were applied to cells using the simple
apparatus described above. Field strengths were as-
sessed using current measurements. However, the ac-
tual electric ¢eld sensed by the cells may vary due to
properties of power supply; in particular, on^o¡
transients may occur. To control for this potential
problem, we tested the power supplies. To illustrate
our ability to detect such transients, we used a typ-
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ical laboratory power supply adjusted to give an elec-
tric ¢eld of V1034 V/m in the cell chamber. As Fig.
2a shows, transients of considerable magnitude can
be observed. However, the power supply used in the
pulsed DC ¢eld experiments (Fig. 2b) did not display
signi¢cant transients. Thus, circuit transients cannot
explain the ¢ndings reported below.
3.1.2. Auto£uorescence emission
Cellular auto£uorescence has been used for many
years to monitor metabolic oscillations [30,31]. To
con¢rm the rigor of this approach in neutrophils,
we performed a series of microscopic imaging and
spectroscopic experiments. Fig. 3A,B shows a group
of neutrophils and their associated auto£uorescence
emission. To con¢rm NADPH £uorescence, lipo-
somes were prepared with entrapped NADPH.
Although NADPH-containing liposomes were £uo-
rescent under these conditions (Fig. 3C,D), lipo-
somes containing only PBS were not £uorescent
(Fig. 3E,F). When living neutrophils were analyzed
using spectrophotometry with excitation at 365 nm, a
broad emission spectrum centered at 460 nm was
observed (Fig. 3G, trace a). However, when cells
were incubated with the metabolic inhibitors 2-de-
oxy-D-glucose and/or sodium azide the auto£uores-
cence was greatly diminished (Fig. 3G, traces b^d)
without a¡ecting cell viability. Since these inhibitors
do not quench the £uorescence of puri¢ed NADPH
(data not shown), cellular auto£uorescence is there-
fore linked with metabolism. NAD(P)H-loaded lipo-
somes also give a broad emission spectrum centered
at 460 nm (Fig. 3H, trace a). This could not be ac-
counted for by the lipids, as control liposomes
showed no £uorescence (Fig. 3F,H, trace b). Further-
more, NADH and NADPH are the only known bio-
logical chromophores with these physical properties
[32]. Thus, neutrophil auto£uorescence is associated
with cell metabolism and NAD(P)H.
3.2. Early events in pulsed electric ¢eld^cell coupling
3.2.1. Metabolic oscillations and metabolic resonance
in ELF electric ¢elds
To test the role of ELF electric ¢elds on cell
metabolism, quantitative micro£uorometry of
NAD(P)H auto£uorescence was performed in the
presence and absence of applied electric ¢elds. Unla-
beled neutrophils were examined during spontaneous
and induced migration, which di¡er in metabolic os-
cillation frequency [8]. Fig. 4 shows a gallery of os-
cilloscope traces of NAD(P)H intensity vs. time.
NAD(P)H oscillations of stationary cells exhibited
sinusoidal oscillations with a 3-min period (Fig.
4A, trace a). Neutrophils undergoing spontaneous
migration display a 20-s oscillation superimposed
on the 3-min oscillation (Fig. 4A, trace c). Cells
undergoing chemokinetic migration in the presence
of 1037 M N-formyl-Met-Leu-Phe (FMLP) display
a W12-s oscillation period (Fig. 4A, trace d). The
amplitude of these rapid metabolic oscillations is
40% of the peak count rate minus the shuttered pho-
tomultiplier tube (dark) count rate; thus, this is a
lower estimate of the magnitude of NAD(P)H oscil-
lations.
Application of electric ¢elds profoundly alters met-
abolic oscillations of migrating neutrophils. When a
pulsed DC electric ¢eld (20 ms, 10 V/m) is applied at
NAD(P)H oscillation troughs, the oscillations grow
in amplitude (metabolic resonance) on migrating
cells in the absence or presence of FMLP (Fig. 4A,
Fig. 2. Current pro¢les produced by power supplies. The exper-
imental system was set-up as described in the text. The current
was measured with a Keithly 6517 electrometer then down-
loaded to a computer. The current was adjusted to provide an
electric ¢eld of 1.3U1034 V/m in the chamber. (a) The current
pro¢le of a typical power supply is shown. Signi¢cant on-o¡
transients are observed. (b) The power supply used in the
present study did not display signi¢cant transients.
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traces e and f). In general, ¢eld applications were
within 0.5 s of the NAD(P)H trough. For these
and subsequent experiments, the o¡-times for the
20-s oscillations are 19.98 s and for the 10-s duty
cycles, the o¡-times are 9.98 s. Fig. 4B shows the
quantitative increase in NAD(P)H peak height dur-
ing metabolic resonance. As this ¢gure shows,
NAD(P)H peak height reaches a maximal value by
3^5 oscillations, which is highly signi¢cant compared
to migrating cells in the absence of a ¢eld
(P6 0.001). Metabolic resonance has been observed
in every experimental trial (about 450 various indi-
vidual trials are shown or summarized herein), thus
showing that the phase-matched ¢eld responses are
robust. When an electric ¢eld is terminated, the
NAD(P)H amplitude decays. Fig. 4A, traces g and
h illustrate the decay in metabolic resonance for un-
treated and FMLP-treated cells. In contrast, applica-
tion of an electric ¢eld at NAD(P)H oscillation peaks
(or any point other than troughs) leads to depression
of oscillation intensity (Fig. 4A, traces i and j). After
several phase-mismatched electric pulses, rapid oscil-
lations and cell migration disappear altogether. Thus,
electric ¢elds a¡ect metabolic oscillations.
Neutrophils undergo mechanical or shape oscilla-
tions during cell activation and/or locomotion [10].
As our results show that the intensity of NAD(P)H
oscillations increases in amplitude during phase-
matched electric ¢eld application, we next sought
to ascertain if heightened NAD(P)H auto£uores-
cence levels were due to changes in cell thickness.
Using a pinhole in a ¢eld-conjugated plane between
a mercury lamp and the objective, we illuminated
small, local regions of cells [20]. Fig. 5 shows exam-
ples of NAD(P)H oscillations in the absence (Fig.
5a^d) and presence (Fig. 5e^h) of external electric
Fig. 3. Fluorescence properties of neutrophils and NADPH-loaded liposomes as determined by microscopy and microspectrophotome-
try. DIC (A,C,E) and £uorescence (B,D,F) micrographs are shown. When excited at 365 nm, neutrophils emit auto£uorescence above
400 nm that is distributed throughout the cells. Similarly, NADPH-loaded liposomes (C,D) show uniform emission, although lipo-
somes with only entrapped bu¡er do not (E,F). Emission spectra of cells and liposomes are shown in G and H. Neutrophils exhibit a
broad emission spectrum centered at about 460 nm. However, addition of 2-deoxy-D-glucose (G, trace b), sodium azide (G, trace c),
or both (G, trace d) greatly diminishes auto£uorescence emission, thus showing that emission is tied to cell metabolism. NADPH-
loaded liposomes display a similar spectrum (H, trace a) whereas liposomes without NADPH (H, trace b) demonstrate no detectable
spectrum. (A^F, U980.)
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¢elds when cells were speci¢cally illuminated at the
lamellipodium, near the perinuclear region, and at
the uropod. As this ¢gure illustrates, rapid metabolic
oscillations and metabolic resonance are observed in
all regions of a cell. Since the thicknesses of the peri-
nuclear and uropodial regions are relatively constant
[33], metabolic oscillations are not likely due to
changes in cell thickness. To con¢rm this, we uni-
formly labeled the cytosol of neutrophils with
TRME as previously described [29]. We then exam-
ined these cells using pinhole or whole cell illumina-
tion (Fig. 5i^l). Signi¢cant oscillations in £uorescence
intensity were observed using pinhole illumination of
the lamellipodium, which likely correspond to its me-
chanical/shape oscillations. Slight oscillations at the
uropod were occasionally found. No oscillations
were detected near the middle of a cell or in whole
cell measurements. Thus, mechanical oscillations of
the cell may contribute to intensity oscillations at the
lamellipodium, but do not signi¢cantly in£uence
whole cell measurements. Thus, spatial variations in
cell thickness average to an intermediate value with
whole cell illumination, but not with the smaller pin-
hole illumination aperture. We therefore employed
whole cell illumination in these studies, which we
interpret to represent the NAD(P)H concentration,
as previously described [30,31].
We next sought to determine the relative phases of
6
Fig. 4. Analyses of metabolic resonance. (A) A representative
gallery of oscilloscope traces showing NAD(P)H auto£uores-
cence within single neutrophils. Experiments were performed
under conditions of spontaneous (left column) and induced mi-
gration (1037 M FMLP; right column) on glass coverslips.
NAD(P)H auto£uorescence intensity (ordinate) is plotted versus
time (abscissa). Resting cells show metabolic oscillations of
roughly three min in the presence or absence of FMLP (Scale
bar: a,b, 25 s). In contrast, migrating cells demonstrate two
component metabolic oscillations of approximately 3 min and a
superimposed oscillation of 22 s (scale bar: c,e,g,i, 10 s; d,f,h,j,
5 s). In the presence of FMLP the rapid oscillation component
is about 12 s. Metabolic oscillations are fundamentally changed
in the presence of electric ¢elds (pulsed DC, 10 V/m for 20 ms).
Unless otherwise noted, pulse duration times were 20 ms. When
an electric ¢eld (arrows) is applied at NAD(P)H auto£uores-
cence troughs, the metabolic oscillations increase in amplitude,
illustrating metabolic resonance, in the absence and presence of
FMLP (e,f). When the electric ¢eld is terminated during meta-
bolic resonance, NAD(P)H oscillations decay to their normal
levels (g,h), indicating that the changes are reversible. However,
when a ¢eld is applied at NAD(P)H oscillation peaks, the oscil-
lations rapidly decline, cells terminate locomotion, and become
spherical (n = 40 for each trace). (B) The change in NAD(P)H
amplitude during conditions of metabolic resonance. Since cells
vary somewhat in the magnitude of their metabolic oscillations,
data are presented as the percent change. DC pulses were ap-
plied to cells as described above. The standard error of pulse
number zero is the oscillation-to-oscillation amplitude variabil-
ity among cells in the absence of an electric ¢eld. The percent
change relative to the absence of an electric ¢eld is plotted at
the ordinate, whereas the pulse number is listed on the abscissa.
The increase in NAD(P)H amplitude saturates after 4 pulses or
oscillations (n = 80 for each datum in this panel).
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the TMRE and NAD(P)H oscillations. To perform
this experiment, we rapidly switched between two
¢lter sets attached to the same microscope slider.
As noted above, pinhole excitation of the lamellipo-
dium showed signi¢cant oscillations in the TMRE
signal. When signals from both TMRE and
NAD(P)H were alternately recorded for the same
lamellipodium, we found that the trough in TMRE
intensity (corresponding to a thin lamellipodium) fol-
lows the trough in NAD(P)H auto£uorescence by
roughly 4^5 s (Fig. 6). Presumably, cytoskeletal as-
sembly or its regulation introduces this temporal de-
lay (see below). Importantly, this phase di¡erence
further supports the ¢nding that cell thickness oscil-
lations cannot account for NAD(P)H oscillations.
3.2.2. Neutrophil extension and F-actin labeling
Metabolic resonance is accompanied by exagger-
ated cell extension (19 representative examples are
shown in Fig. 7). Migrating cells are triangular in
shape with a length of about 10 Wm. However, dur-
ing metabolic resonance cells grow to W40 Wm in
length with a more cylindrical shape. Cell shape
Fig. 5. Spatial analysis of NAD(P)H and TMRE oscillations of migrating neutrophils. Oscilloscope recordings of £uorescence inten-
sities (ordinate) are plotted versus time (abscissa). Only the AC components of these cellular oscillations are shown. NAD(P)H inten-
sities were recorded in the absence (row 1) and presence (row 2) of a pulsed DC electric ¢eld (2 V/m, 20 ms) applied at the oscilla-
tions’ troughs. Experiments were also performed on TMRE-labeled neutrophils (row 3). Using a pinhole, cells were illuminated in
speci¢c regions including the lamellipodium (column 1), middle of the cell (perinuclear or cell body region) (column 2), and the uro-
pod (column 3). Experiments using whole cell illumination are also shown (column 4). Metabolic oscillations and metabolic resonance
are observed in all regions of a cell. TMRE, which uniformly labels of interior of neutrophils [30], was used to monitor changes in
cell thickness. Although shape oscillations occur on migrating cells (i), they do not signi¢cantly a¡ect the whole cell illumination re-
sults (l). Thus, changes in cell thickness are not responsible for the observed NAD(P)H oscillations. (Similar results were obtained on
3 separate days.)
Fig. 6. Phase relationship between TMRE and NAD(P)H oscil-
lations. Signal intensities (ordinate) are plotted against time (ab-
scissa). Illumination was provided by a pinhole placed in a
¢eld-conjugated plane of the microscope. Cells were labeled
with TMRE as described [29]. intermittent recordings of TMRE
intensity (trace a) and NAD(P)H intensity (trace b) at the la-
mellipodium were made by rapidly switching the optical ¢lters
and dichroic mirrors. The approximate positions of the peaks
or troughs are indicated. The trough in TMRE intensity, which
is related to cell thickness [30], follows the trough in NAD(P)H
intensity by about 4^5 s. (Similar results were obtained on
3 separate days.)
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changes are readily reversible when the electric ¢eld
is terminated (Fig. 7, third column) with retraction to
either uropod or lamellipodial attachment sites. Cells
that are not phase-matched with the external ¢eld
remain or become spherical (data not shown).
Thus, an electric ¢eld’s phase is a key feature in
determining the outcome of electric ¢eld-to-cell inter-
actions. Notably, the polarity of the electric ¢eld
Fig. 7. A gallery of micrographs illustrating the e¡ect of metabolic phase-matched electric ¢elds on cell shape. Migrating neutrophils
have a triangular shape and a length of 10 Wm (left-hand columns). When an electric ¢eld (10 V/m to 1034 V/m for 20 ms) is applied
during NAD(P)H troughs (see Fig. 5e), cell extension for migration is greatly enhanced. Within 3 or 4 metabolic oscillation periods
(roughly 1 min), cells adopted a more extended shape of V40 Wm with numerous pseudopods (center columns). Under conditions of
electric ¢eld-metabolic resonance cells are dramatically changed. These micrographs underestimate the magnitude of the e¡ect since
one must shift from the quantitative auto£uorescence con¢guration to the DIC imaging set-up to collect these micrographs. The orien-
tation of the electric ¢eld is given as an insert in the central frame of each panel; in this and subsequent ¢gures, the arrows point to-
ward the positive electrode. After the electric ¢eld was terminated, cells returned to their former morphologies in about 1 min (right
hand columns). (A^H, U900; I^K, U1150; L^N, R, S, U975; O^Q, U1480).
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with respect to a cell was unimportant. Cell orienta-
tion, migration, and metabolic resonance are inde-
pendent of electric ¢eld direction insofar as can be
judged microscopically. This observation rules out
the trivial possibilility that cell lengthening is due
to electrophoretic extension of di¡erentially charged
regions. Also, the length of time in these experiments
(20 ms) and ¢eld strength (V1034 V/m, see below)
also argue against an electrophoretic origin. There-
fore, phase-matched electric ¢elds induce metabolic
resonance in cells and greatly exaggerate cell exten-
sion or shape change.
The cell shape changes in Fig. 7 suggest that the
cytoskeleton may be undergoing signi¢cant changes
during metabolic resonance. To demonstrate cyto-
skeletal reorganization, we evaluated F-actin distri-
bution using £uorescein-phalloidin. As Figs. 5 and 7
illustrate, metabolic resonance and cellular extension
are transient events. Therefore, it is not surprising
that conventional ¢xation procedures utilizing
3.75% paraformaldehyde followed by Triton X-100
extraction could not preserve cells in the highly ex-
tended morphology (data not shown); therefore,
conventional ¢xation protocols artifactually promote
morphological changes and F-actin disassembly (Ta-
ble 1). Furthermore, conventional ¢xation proce-
dures could not reliably detect electric ¢eld-induced
increases in F-actin content (Table 1). However, the
recently described DSP ¢xation procedure has been
reported to improve F-actin labeling and retention of
labile structures [25]. Fig. 8 shows representative ex-
amples of F-actin staining of DSP-¢xed neutrophils.
Untreated spherical cells displayed both plasma
membrane and cytoplasmic labeling. Untreated
spontaneously polarized cells exhibited a mottled
staining pattern, often including the lamellipodium
and uropod (Fig. 8B). These ¢ndings are consistent
with previous reports [34]. To determine the e¡ects of
electric ¢eld-induced metabolic resonance, neutro-
phils were exposed to pulsed DC electric ¢elds (2
V/m, 20 ms) at NAD(P)H troughs, as described
above using Pt electrodes. Fig. 8C^L shows the ex-
aggerated micro¢lament assembly associated with
metabolic resonance for ten representative examples.
Indistinguishable results were obtained in all experi-
ments (n = 5) each consisting of about 10 individual
trials. In contrast to unexposed cells (Fig. 8A,B),
phase-matched electric ¢eld-treated cells demonstrate
long micro¢lament assemblies (Fig. 8C^L). Increased
length of micro¢lament assemblies is accompanied
by increased cellular F-actin content as judged by
quantitative micro£uorometry of phalloidin binding
after the DSP ¢xation (Table 1). Thus, exaggerated
cell extension is accompanied by heightened F-actin
assembly.
3.2.3. Dependence on pulse length and electric ¢eld
intensity
A ¢nite amount of time should be required for an
electric ¢eld to promote cell extension and metabolic
resonance. Therefore, the experiments described
above were repeated using various DC pulse lengths.
We found that a minimum time of 0.9 ms was re-
quired for metabolic resonance (Fig. 9). Thus, a ¢nite
Table 1
Quantitative comparison of the e¡ect of ¢xation protocol on phalloidin binding to migrating neutrophils
Fixation procedure FITC-phalloidin intensity
Control Phase-matched electric ¢eld P
Paraformaldehyde/Triton X-100/wash 90 þ 12 142 þ 29 n.s.
Paraformaldehyde/Triton X-100 87 þ 16 148 þ 32 6 0.05
Sa¢ejko-Mroczka^Bell protocol25 (DSP/Triton X-100/paraformaldehyde) 416 þ 24 912 þ 27 6 0.001
Migrating neutrophils were studied in the absence and presence of a phase-matched DC electric ¢eld (2 V/m, 20 ms pulses, 10 min du-
ration). Paraformaldehyde (3.75%) was used in all experiments. Extraction was performed using 0.5% Triton X-100 in stabilizing bu¡-
er. In the ¢rst procedure, cells were washed after extraction, whereas samples were not washed using the second procedure. The third
procedure utilized an initial DSP ¢xation step. Samples were labeled with FITC-phalloidin as described in Section 2. The £uorescence
intensities are reported in kilocounts/s/cell (mean þ S.D.) from experiments performed on 5 days with each experiment repeated at least
in triplicate. Intensities obtained using DSP ¢xation were signi¢cantly larger (P6 0.001) than the initial paraformaldehyde ¢xation
procedures; this is due to superior retention and labeling of F-actin [25]. The P-values compare the control and electric ¢eld exposed
cells in each row. In addition to promoting better retention of F-actin, the DSP procedure also decreased background £uorescence by
40%.
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amount of time was required for these e¡ects. How-
ever, application of pulsed DC ¢elds for v 1.0 s led
to a reduction in auto£uorescence intensity oscilla-
tions (Fig. 9f). Longer pulse lengths may be analo-
gous to out-of-phase ¢eld application conditions.
To de¢ne more fully the conditions required for
metabolic resonance, we tested a broad range of elec-
tric ¢eld intensities from 2U103 V/m to 9U1036 V/
m. Fig. 10 shows a dose^response analysis illustrat-
ing the e¡ect of electric ¢eld intensity on metabolic
resonance. The lowest ¢eld strength supporting met-
abolic resonance is de¢ned as the intensity cut-o¡
(Ecutÿoff ). For cells undergoing spontaneous locomo-
tion, electric ¢elds below 9U1035 V/m were unable
to trigger metabolic resonance (Fig. 10) whereas cells
undergoing chemokinesis (1037M FMLP) demon-
strated an Ecutÿoff of 1U1035 V/m (data not shown).
Fig. 10 also shows that metabolic resonance appears
to be an all-or-none type of response.
The e¡ects of phase-matched electric ¢elds have
been veri¢ed by several reliability checks. To control
for possible electrode-speci¢c e¡ects, both Pt and Ag/
AgCl electrodes were employed yielding the same
value of Ecutÿoff . To minimize the potential e¡ects
of electrode polarization, we employed a bu¡er sim-
ilar to that described by Friend et al. [22] (0.1 M
phosphate bu¡er, pH 7.2, 0.5 mM Ca2, 0.05 mM
Mg2). This yielded slightly increased sensitivity to
Fig. 8. A gallery of £uorescence micrographs illustrating the e¡ect of metabolic phase-matched electric ¢elds on neutrophil micro¢la-
ments. Untreated (A,B) and phase-matched electric ¢eld-treated (C^L) neutrophils are shown. Cells were ¢xed using the DSP/para-
formaldehyde procedure [25]. Untreated cells display a mottled £uorescein-phalloidin staining pattern including both the cytoplasmic
and peri-membrane regions (A,B). When exposed to a phase-matched pulsed DC electric ¢eld (2 V/m, 20 ms), F-actin distribution is
substantially a¡ected (C^L). Exposure times varied from 15 to 45 min (C,D, 15 min; E, 20 min; F,G, 30 min; H,I, 35 min; J, 40
min; K,L, 45 min). In addition to demonstrating the assembly of micro¢laments, these panels also illustrate the heterogeneity of mi-
cro¢lament assembly during electric ¢eld treatment. For example, some cells demonstrate extensive peri-membrane assembly, while
others show extensive cytoplasmic assembly. Several examples of cytoplasmic micro¢laments are indicated by arrows. Although some
cell retraction may have taken place during the ¢xation procedure, considerable ¢lament extension is retained by the DSP protocol.
The orientation of the electric ¢eld for all panels is given in the insert in panel L. (A, U540; B^L, U980)
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electric ¢elds (Ecutÿoff V7U1035 V/m), although this
small di¡erence could be due to a biological, not a
physical, e¡ect of the bu¡er. To rule out potential
e¡ects of electrode-mediated contamination, cells
were embedded with gelatin matrices, which resemble
tissue environments and constrain the di¡usion of
electrode reaction products, with identical results.
When Phenol red, a pH indicator, was included in
the gelatin matrix, no pH change could be detected
during experiments, thus ruling out possible forma-
tion of a pH gradient. Speci¢cally, the pH gradient
moved at a velocity of V1 mm/min in a non-bu¡-
ered gelatin matrix exposed on one side to a pH 4
acetate bu¡er. (Similar velocities were obtained for
Trypan blue movement through the matrices.) Since
it would take approximately 10 min for the pH gra-
dient to reach the cells and since resonance is ob-
served instantaneously, electrode reaction products
can be ruled out as a causative factor in metabolic
Fig. 9. E¡ect of DC pulse time on NAD(P)H oscillations of mi-
grating neutrophils. NAD(P)H auto£uorescence intensity (ordi-
nate) is shown versus time (abscissa). Pulsed electric ¢elds (2 V/
m) were applied at NAD(P)H troughs, as shown by arrows.
Pulse times varied from 0.1 ms (a) to 1 s (f) as indicated along
the right-hand side of the illustration. The pulse frequency did
not change.
Fig. 10. E¡ect of electric ¢eld intensity on metabolic resonance
in migrating neutrophils. Oscilloscope traces showing NAD(P)H
auto£uorescence (ordinate) versus time (abscissa) are shown.
Neutrophils were studied during spontaneous locomotion on
glass slides at 37‡C. Electric ¢elds were applied for 20 ms at
the troughs of auto£uorescence oscillations as indicated by the
arrows. As indicated along the right-hand side, electric ¢eld in-
tensities from 2U103 V/m (a) to 1U1034 V/m (d) triggered
metabolic resonance. However, metabolic resonance was not
observed under these conditions using ¢elds of 6U1035 V/m
(e). Thus, electric ¢elds of 1U1034 and 6U1035 V/m bracket
the cut-o¡ for unstimulated neutrophils ; the cut-o¡ was found
to be 9U1035 V/m. (These data are representative of V200
separate determinations.)
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resonance. To rule out environmental in£uences on
the experimental results, samples were also shielded
with mumetal. Since an electric dipole might emanate
from a neighboring power supply, all power supplies
that could not be shut down were rotated about all
three axes with identical Ecutÿoff values. Further-
more, with the exception of the power supply used
in ¢eld application, the experimental environment
does not contain phase information, which is a key
to observing cellular e¡ects. Thus, we believe that the
electric ¢eld dose^response studies reported above
are reasonable estimates of the sensitivity of meta-
bolic oscillations to electric ¢elds.
Dose^response studies were not carried out above
2U103 V/m due to extensive cell damage. This dam-
age is likely caused by the high ¢eld strength and
Joule heating (power is proportional to V2) of the
sample. However, Joule heating cannot explain the
e¡ects at weak ¢eld strengths since Joule heating is
V1038‡C for 10-ms pulses at 1034 V/m for the sam-
ple con¢guration employed. Thus, Joule heating is
far less than the temperature precision of the heating
stage (0.1‡C). Although several physical factors have
been found to be insu⁄cient to explain our observa-
tions, cell surface charge was found to be important.
3.2.4. Importance of cell surface charges
Much research on electromagnetic ¢eld interac-
tions with cells has focused on the potential role of
plasma membranes. This expectation is based upon
several facts. Although internal charges are well-
screened, V1010 net negative charges are found on
cell surfaces which could interact with a ¢eld. Thus,
we hypothesized that cell surface charges may partic-
ipate in coupling an electric ¢eld to cellular re-
sponses. To test the role of surface charges, we
treated cells for various periods of the time with
neuraminidase, which removes negatively charged
N-acetyl-neuraminic acid residues. Previous studies
have shown that neuraminidase dramatically reduces
neutrophil surface charge density [35]. Cells were in-
cubated with neuraminidase at 2 U/ml for various
time periods at 37‡C. At each time point, multiple
repetitions of the induction of metabolic resonance
using pulsed DC ¢elds were performed to obtain
mean values of Ecutÿoff versus incubation times
with neuraminidase. As Fig. 11 shows, neuramini-
dase reduced cell sensitivity to electric ¢elds in a
time-dependent fashion. Ecutÿoff increased to
V1033 V/m after 80 min of incubation. However,
short incubation times (10 min) did not a¡ect electric
¢eld sensitivity (Fig. 11) nor did longer incubations
with inactivated enzyme (data not shown), suggesting
that electric ¢eld sensitivity was not in£uenced by
some contaminant in the neuraminidase sample.
Thus, we suggest that cell surface charges play an
important role in promoting cell extension and met-
abolic resonance.
3.2.5. Cell spreading
Cells undergo profound shape changes during lo-
comotion, spreading on surfaces, and cell division.
Thus, we tested the hypothesis that metabolic oscil-
lations accompany neutrophil spreading. Fig. 12a
Fig. 11. The e¡ect of neuraminidase treatment on Ecutÿoff is
shown. To obtain cells with varying levels of surface charge
[37], cells were incubated with 2 U/ml of neuraminidase for var-
ious periods of time. DC electric ¢eld pulses of various inten-
sities were applied for 20 ms at NAD(P)H troughs for determi-
nation of Ecutÿoff , the lowest intensity supporting metabolic
resonance. Ecutÿoff is plotted at the ordinate, whereas time is
shown at the abscissa. The sensitivity of cell populations to an
applied DC pulse is reduced as cell exposure to neuraminidase
is prolonged. The value of Ecutÿoff stabilizes after 60^70 min of
incubation, which also corresponds to the time required for
maximal reduction in cell surface charge during treatment with
this concentration of neuraminidase [37]. Three independent ser-
ies of experiments were conducted at each time point to ascer-
tain the mean value of Ecutÿoff . At shorter incubation times, the
standard deviation was smaller than the size of the symbol.
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shows metabolic oscillations during neutrophil
spreading. These oscillations may be important in
cell extension during spreading, in analogy with cell
migration. To determine if cell spreading was sensi-
tive to an external electric ¢eld, we applied electric
¢elds during cell spreading at NAD(P)H auto£uores-
cence troughs (Fig. 12b,c) and crests (Fig. 12d). As
Fig. 12 shows, metabolic resonance was not observed
at ¢eld strengths of 5U1035 V/m but was found at
1U1034 V/m. Electric ¢elds applied at auto£uores-
cence troughs trigger metabolic resonance (Fig. 12c)
and enhance spreading (Fig. 13A,B). In contrast,
those applied at crests disrupted oscillations (Fig.
12d) and the spreading of nascent pseudopods (Fig.
13C,D). Thus, cell locomotion and spreading, which
are characterized by rapid metabolic oscillations and
cytoskeletal assembly, display parallel sensitivity to
external electric ¢elds.
3.3. Chemical consequences of metabolic resonance
3.3.1. Metabolic resonance enhances reactive oxygen
metabolite production
Inasmuch as reactive oxygen metabolites are
known to contribute to DNA damage and mutage-
nicity [36], we postulated that frequency and phase-
matched electric ¢elds may in£uence cells through
this same pathway. To test this hypothesis, neutro-
phils were ¢rst incorporated into gelatin matrices
containing 100 ng/ml H2-TMRos. When exposed to
reactive oxygen metabolites such as H2O2 or hydrox-
yl radical, H2-TMRos is oxidized to TMRos, a
highly £uorescent compound [24]. Fig. 14 shows
quantitative analyses of H2-TMRos oxidation ki-
netics for single cells at 37‡C. As reported elsewhere
[9], neutrophils generate reactive oxygen metabolites
at 20-s intervals during migration (Fig. 14a). When a
pulsed DC ¢eld (20 ms, 0.2 V/m) is applied to mi-
grating neutrophils in the plateau region of the ki-
netic traces, which corresponds to NAD(P)H
troughs, the step height of oxidant production in-
Fig. 12. E¡ect of electric ¢elds (arrows) on metabolic oscilla-
tions of spreading neutrophils. Representative oscilloscope
traces showing NAD(P)H auto£uorescence (ordinate) versus
time (abscissa) are shown for neutrophils during cell spreading.
Spreading neutrophils display a short series of auto£uorescence
oscillations during spreading (a). When an electric ¢eld of
5U1035 V/m is applied at NAD(P)H troughs for 20 ms, no ef-
fect is observed (b). However, when the electric ¢eld intensity is
increased to 1034 V/m, metabolic resonance is found (c). In
contrast, application of an electric ¢eld at auto£uorescence
peaks reduces metabolic oscillations (d). (n = 3^10.)
Fig. 13. Representative morphological e¡ects of electric ¢eld ap-
plication on spreading neutrophils. Cell extension during neu-
trophil spreading is also a¡ected by electric ¢eld application (2
V/m for 20 ms). A and B show the same cell before and after
¢eld application at NAD(P)H troughs, illustrating pseudopod
extension. However, the reverse is true for an electric ¢eld ap-
plied at NAD(P)H peaks. Spreading neutrophils become spheri-
cal after exposure to such an electric ¢eld; the same cell before
(C) and after (D) exposure is shown (note disappearance of
pseudopods, arrows). The electric ¢eld orientation is given in
the inserts of B and D (U1920).
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creases (Fig. 14b). In contrast, when an electric ¢eld
is applied at the beginning of a step, oxidant release
is terminated (Fig. 14c). Thus, by manipulating the
phase di¡erences between the applied electric ¢eld
and a cell’s endogenous metabolic oscillations, one
can a¡ect the production of oxidants in parallel with
cytoskeletal assembly and NAD(P)H amplitudes.
3.3.2. Metabolic resonance precedes and is speci¢cally
associated with DNA damage
To determine if heightened oxidant production
during metabolic resonance is genotoxic, we per-
formed microscopic DNA damage assays. Since
these assays require V300 strand breaks for detec-
tion [27], metabolic resonance was induced for longer
periods of time to accumulate measurable DNA
damage. In these experiments, neutrophils were di-
rectly incorporated into low melting point agarose as
described [28]. Using Pt electrodes, individual neu-
trophils were exposed to pulsed DC electric ¢elds
of various magnitudes for 20 ms at NAD(P)H
troughs to induce metabolic resonance. Fig. 15 shows
the induction, maintenance, and decay of metabolic
resonance in a cell exposed to a pulsed DC (2 V/m,
20 ms) electric ¢eld over a 45 min period of time.
Similar changes in NAD(P)H intensity were observed
in all DNA damage experiments. Fig. 16A^D shows
illustrative results obtained using the single cell gel
electrophoresis or comet assay. After various periods
of time, samples were exposed to lysing solution,
alkaline electrophoresis, washing and staining with
ethidium bromide to detect DNA damage/fragmen-
tation, as previously described [26,27]. Fig. 16A
shows results from the comet assay for cells not ex-
posed to exogenous electric ¢elds prior to extraction.
In this case, spherical nuclear extracts were observed.
After 30 min of metabolic resonance, small changes
in DNA electrophoresis and labeling were observed
(Figs. 16B and 17). However, cells exposed to meta-
Fig. 14. Representative oscilloscope traces showing the time-de-
pendent oxidation of H2-TMRos by neutrophils migrating in a
gelatin matrix loaded with H2-TMRos. Stationary cells did not
oxidize H2-TMRos (not shown). (a) Migrating neutrophils de-
liver oxidants to matrices in quantal bursts at 20-s intervals. (b)
Application of a phase-matched electric ¢eld (0.2 V/m, 20 ms)
at the points indicated (arrows) triggers oxidant step height in-
creases. (c) In contrast, when this same ¢eld is applied out-of-
phase (arrow), oxidant production ceases. (The slight downward
slope at longer times could be due to photobleaching. Thus,
these data underestimate probe oxidation.) We have previously
published extensive positive and negative controls (e.g. [9,24]).
Fig. 15. Maintenance of metabolic resonance in neutrophils
over time. Oscilloscope traces showing NAD(P)H auto£uores-
cence (ordinate) vs. time (abscissa) are shown. Neutrophils dis-
playing 20-s NAD(P)H oscillations were exposed to a DC elec-
tric ¢eld (2 V/m, 20 ms) at the troughs of auto£uorescence
oscillations. To allow direct comparison, the same cell is shown
in traces a^c. The initiation of metabolic resonance is shown in
trace a. After 15 min of pulsed electric ¢eld exposure, the high
amplitude NAD(P)H auto£uorescence oscillations are main-
tained (b). After 30 min, termination of the electric ¢eld leads
to the decay in amplitude (c), as previously shown in Fig. 2.
Thus, metabolic resonance can be maintained for periods of
time necessary to observe DNA damage.
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bolic resonance for 45 min exhibited signi¢cant levels
of DNA damage/fragmentation, as indicated by the
comet tails in the micrograph (Fig. 16C) and quanti-
tative measurements of tail lengths (Fig. 17). Impor-
tantly, cells that do not undergo metabolic reso-
nance, but were exposed to identical conditions, do
not show DNA damage (i.e. Fig. 16C,D). This rules
out the possibilities that exposure to electric ¢elds
per se and potential electrode reaction products en-
tering the agarose matrix during these longer expo-
sures non-speci¢cally caused DNA damage. Further-
more, DNA damage was not observed under electric
¢eld conditions that did not promote metabolic res-
onance. Field strengths of 0.8U1034 V/m did not did
not promote DNA damage (data not shown).
Although comet tail length increased with the time
of resonant ¢eld exposure, the comet assay was in-
dependent of electric ¢eld strength above Ecutÿoff
(data not shown). Thus, DNA damage parallels the
e¡ects of electric ¢elds on cell extension and metab-
olism. Presumably DNA damage is faster than DNA
repair above Ecutÿoff , thus causing damage accumu-
lation during metabolic resonance. DNA damage
was only associated with those cells phase-matched
with endogenous metabolic oscillations.
We next sought to con¢rm metabolic resonance-
associated DNA damage using an independent assay.
Adherent neutrophils were exposed to pulsed DC
electric ¢elds (0.2 V/m, 20 ms) at NAD(P)H troughs
to induce metabolic resonance. Single strand DNA
breaks were labeled with £uorescein-dUTP using ter-
minal deoxynucleotidyltransferase. Fig. 16E and F
Fig. 16. DNA damage of neutrophils following metabolic reso-
nance in ELF electric ¢elds detected at the single cell level. A^
G show results of the single cell gel electrophoresis or comet as-
says. Fluorescence micrographs of ethidium bromide-labeled
DNA within agarose gels are shown (A^F). Cells exposed to
metabolic resonance are denoted by an arrow. (A) Cells not ex-
posed to ELF electric ¢elds. (B) Cell exposed to ELF ¢eld for
30 min (0.2 V/m, 20 ms DC pulses). No signi¢cant tail can be
observed. (C) The cells were exposed to conditions of metabolic
resonance for 45 min. A signi¢cant tail showing DNA damage/
fragmentation is observed in the resonant cell, but not the non-
resonant cell within this ¢eld. (D) Similarly, substantial comet
tails are observed after 60 min of metabolic resonance. As posi-
tive controls for comet assays, cells were incubated with H2O2
at 140 WM for 30 min (E) and at 140 WM for 60 min (F). H
and I show DNA damage as detected by terminal deoxynucleo-
tidyltransfer labeling of free 3P hydroxyl groups of DNA. A cell
not exposed to an electric ¢eld, but treated with this labeling
protocol is shown in G. H shows a DIC micrograph of cells.
Two round non-resonant cells are shown. One elongated adher-
ent neutrophil which was exposed to conditions of metabolic
resonance for 30 min. is also shown (arrow). Note that the cell
undergoing metabolic resonance is brightly labeled while the
non-resonant cells are unlabeled (I). This indicates that there
are numerous single strand breaks which may include DNA
fragmentation. The non-resonant cells in C, D and I highlight
the cellular speci¢city of DNA damage and provide internal
controls. (A^F, U680; G^I, U560)
Fig. 17. Quantitative summary of DNA damage observed in
the comet assay. The length of DNA (Wm) migration is plotted.
Cells were exposed to conditions of metabolic resonance using
a 0.2 V/m pulsed DC ¢eld (20 ms). Quantitative tail lengths
after DNA electrophoresis are shown as the mean þ S.D. Un-
treated cells showed no comet tails (0 min). Highly signi¢cant
levels of DNA damage (P6 0.001) are observed after 45 min of
metabolic resonance. As a positive control, cells were incubated
with 10 WM hydrogen peroxide for 30 min.
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show one cell that exhibited metabolic resonance for
30 min and two cells that did not. Some retraction in
resonant cell length was observed due to ¢xation.
The migrating cell undergoing metabolic resonance
is brightly labeled, thus indicating numerous DNA
strand breaks. Since the comet staining patterns were
rather small after 30 min of metabolic resonance, it
appears that DNA strand breaks occur prior to the
level of DNA damage required for electrophoretic
separation of DNA. Therefore, metabolic resonance
is accompanied by oxidant production and DNA
damage in neutrophils.
4. Discussion
One key role of the cell surface is to transmit
chemical and physical information to the interior of
a cell [1]. Although the transduction of chemical in-
formation via receptors is a well-studied research
area, the signals mediated by physical stimuli have
been less thoroughly studied. We now report novel
observations regarding electric ¢eld interactions with
migratory neutrophils and how these ¢elds a¡ect
metabolic signaling and physiological responses. (1)
Cell extension was greatly increased in a phase-
matched ¢eld within V1 min. (2) Phase-matched
electric ¢elds promoted F-actin assembly in cells.
(3) Metabolic oscillations within cells can resonate
in an electric ¢eld. (4) The minimal electric ¢eld
strength promoting metabolic resonance was low. It
was not a¡ected by the type of electrode used, bu¡er
conditions, or apparently by electrode reaction prod-
ucts. The physical parameter found to a¡ect Ecutÿoff
was cell surface charge. (5) Reactive oxygen metab-
olite production was heightened during metabolic
resonance. (6) Prolonged metabolic resonance leads
to DNA damage. These ¢ndings suggest a novel elec-
tromechanical mechanism of electric ¢eld^cell cou-
pling and an oxidant-mediated pathway of genotox-
icity.
4.1. Cellular and metabolic oscillations
Previous studies have reported oscillations in neu-
trophil receptor properties, pericellular proteolysis,
actin assembly, respiratory burst, NO production,
shape change, velocity change, and cytosolic calcium
levels with periods of w10 or 20 s [10]. These oscil-
lations are characterized by their frequencies, ampli-
tudes and relative phases. For example, the phase
relationships among these oscillations vary. Pericel-
lular proteolysis and oxidant release are 180‡ out-of-
phase [9] with oxidant release matching cytoplasmic
NAD(P)H in phase. NAD(P)H oscillations have
been reported to be 180‡ out-of-phase with ATP os-
cillations [30]; thus, ATP oscillations are likely to be
in-phase with pericellular proteolysis. Similarly, ATP
oscillations are likely to be in-phase with metabolic
resonance-inducing ¢elds. Because cell shape change,
as judged by cell thickness, follows NAD(P)H
troughs by about 4^5 s, shape change follows ATP
by V90‡; this phase delay in shape oscillations may
represent the time required for cytoskeletal assembly.
These oscillations may also be coupled to cytoskele-
tal assembly. We hypothesize that ATP oscillations
entrain ATP-actin concentrations because: (1) ATP
binds to actin with high a⁄nity and ATP-actin binds
to growing micro¢laments with a Kd [37] roughly
similar to unbound ATP’s mean cytosolic level (see
below); and (2) the total actin content (V5U10310
mol/106 monocytes) is greater than the mean concen-
tration of free ATP (V10311 mol/106 monocytes,
[38]). In addition, ATP oscillations may also a¡ect
ATP-dependent regulatory proteins. Substrate oscil-
lations through relevant enzymatic Km values are
also suggested for ATP and protein kinase C in sig-
naling [8] and NADPH oscillating near the NADPH
oxidase’s Km during superoxide production [9]. Thus,
multiple cell activities may be coupled via metabolic
oscillators.
We now report that phase-matched electric ¢elds
increase the amplitude of NAD(P)H oscillations. In
the absence of an electric ¢eld, migrating neutrophils
exhibit NAD(P)H oscillations with a period of 10 or
20 s. These oscillations are substantial in magnitude,
roughly V181 to V358 WM [9]. Metabolic reso-
nance in an electric ¢eld represents a two-fold in-
crease in NAD(P)H amplitude. However, increases
in NAD(P)H amplitude are not restricted to phase-
matched electric ¢eld application. Interferon-Q expo-
sure for 4 h causes a 2^3-fold increase in NAD(P)H
amplitudes [39]. Indeed, interferon-Q and phase-
matched electric ¢eld application are interchangeable
in priming cells for interleukin-2 and interleukin-6-
mediated activation [39]. We have suggested for im-
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munological stimuli that NAD(P)H amplitude en-
hancement is the physical mechanism of cell priming
for enhanced superoxide production [39]. Interest-
ingly, interferon induces a 3-fold increase in F-actin
content in ¢broblasts [40], which parallel our ¢ndings
of neutrophils exposed to phase-matched electric
¢elds. Increases in NADPH amplitude, by interfer-
on-Q or electric ¢eld treatment may enhance super-
oxide production catalyzed by the NADPH oxidase
[41]. Altered oscillatory metabolite levels, which are
not necessarily dependent on changes in their mean
level, could alter membrane signal transduction path-
ways or, in the case of interferon-Q, be a signal trans-
duction pathway. Our observations highlight the im-
portance of metabolic oscillations and the ability of
cells to sense the presence of external electric ¢elds.
4.2. Neutrophil^electric ¢eld interactions
4.2.1. Electrophoretic drift, galvanotaxis, and
dielectric e¡ects do not account for cell
extension
Several primary coupling mechanisms between
electric ¢elds and cell extension can be considered.
One potential mechanism is electrophoretic lengthen-
ing. However, several lines of evidence argue against
this hypothesis. First, the direction of cell migration
is unimportant; enhanced cell extension takes place
in directions both parallel and perpendicular to the
applied ¢eld (to within a resolution of V10‡). The
ability of cells to extend normal to an electric ¢eld is
not due to saturation. That is, Ecos3 is not apparent
inasmuch as the value of Ecutÿoff is qualitatively in-
dependent of the cell-to-¢eld angle. Second, neigh-
boring cells not phase-matched with the electric ¢eld
do not extend. Moreover, electrophoresis does not
display temporal constraints. Application of electric
¢elds for greater than V1 s leads to reversal of cell
e¡ects whereas cell lengthening should continue for
electrophoresis. Fourth, contaminating erythrocytes
do not undergo electrophoresis (data not shown).
Fifth, electrophoretic lengthening is unreasonable.
The electrophoretic mobility of neutrophils is
V1034 cm2/V/s [35]. Using the Ecutÿoff of 1034 V/
m and a viscosity of 0.01 Poise, an electrophoretic
drift velocity of V1033 nm/s is obtained which can-
not account for our observations (V1 Wm/s, which is
the maximal velocity of actin assembly [42]).
Additional mechanisms of cell-electric ¢eld inter-
actions have been reported. Galvanotaxis is the di-
rected locomotion of cells in a ¢eld. Neutrophil gal-
vanotaxis is a high ¢eld strength phenomenon
requiring at least 103 V/m [43]. It di¡ers from our
observations in several fundamental ways including:
metabolic phase-dependence; continual versus time-
dependent ¢eld exposure; direction of cell orienta-
tion; and electric ¢eld strength dependence.
Although dielectric forces a¡ect cell shape [22], they
require ¢eld strengths V107 times greater than
Ecutÿoff . Our studies employed two electrode types
(Pt and Ag/AgCl) and current measurements, which
exclude potential artifacts in ¢eld strength assess-
ment. Furthermore, purely physical mechanisms,
such as electrophoretic extension and dielectric
forces, do not account for the observed cytoskeletal
changes. Thus, both the applied ¢eld and cytoskele-
ton are intimately involved in metabolic resonance
and shape changes.
4.2.2. An electromechanical coupling hypothesis
Although electrophoretic drift cannot account for
cell extension, we suggest that electrophoretic forces
(Fe) participate. Cells typically have a surface charge
of V1010 elementary charges/cell. The force
(Fe = QE) exerted on such a particle at 1034 V/m is
0.02 Wdyne. Whilst this is a small force, it is none-
theless a signi¢cant fraction of the force of gravity on
a small cell (V0.5 Wdyne). We hypothesize that force
balancing may account for our experimental obser-
vations of electric ¢eld^cell coupling. According to
the simplest accounts, cells extend from the lamelli-
podium [44] where force balancing is thought to be
important [45]. Typical forces associated with micro-
villi, lamellipodia, and focal contacts have been re-
ported in the range of 1^100 Wdyne [45^47]. Cell ex-
tension involves the interplay of several forces. This
includes a plasma membrane’s surface/cortical force
(Fs) which resists deformation from a spherical shape
and the cytoskeleton’s polymerization force (Fp). Fp
has been estimated at V1^6 Wdyne/¢lament [48],
which is consistent with calculations of actin load
forces [42]. The surface/cortical tension (sw) of neu-
trophils is 0.036 dyne/cm [49^52]. An estimate of the
surface force (Fs) for a sphere of radius R from the
equation Fs = 2 RZsw gives Fs = 2.3 Wdyne for a pseu-
dopod radius of 0.1 Wm. The balancing of Fs versus
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Fp would suggest that only a few ¢laments are nec-
essary to support pseudopod extension. This is con-
sistent with an experimental estimate of pseudopo-
dial ¢lament numbers [51]. Thus, these are
reasonable estimates of the forces associated with
the neutrophil’s surface.
An electric ¢eld intensity of s 1034 V/m exerts a
force of s 0.02 Wdyne on a cell surface relative to the
substrate-attached and therefore immobile cytoskele-
ton. Depending upon the assumptions chosen, the
small phase-matched electrical force (Fe) is V0.1^
1% of the counterbalancing forces. Thus, Fe may
augment the value of Fp so that together they exceed
Fs. Force balancing is supported by the observation
that neuraminidase treatment, which reduces N-ace-
tyl-neuraminic acid content and net negative surface
charge [35], increases the value of Ecutÿoff (Fig. 13).
Neutrophil extension and cytoskeletal shape are
dramatically extended by phase-matched electric
¢elds (Figs. 7 and 8). Neutrophils are a judicious
choice for studying cell extension since 10^15% of
cellular protein is actin and w50% is G-actin; thus,
a su⁄cient pool of monomer is available to support
large shape changes. Resting and migrating neutro-
phils are devoid of long micro¢laments and stress
¢ber-like structures (Fig. 8). However, during meta-
bolic resonance, extensive micro¢lament assembly
takes place (Fig. 8) as well as an increase in F-actin
content (Table 1). Since metabolite levels are contin-
ually oscillating, one might wonder why enhanced
cell extensions do not return to their original size
later in the metabolic oscillation. Continued cell ex-
tension is due to the fact that micro¢lament assembly
is highly asymmetric with assembly at the plus end
while the minus end is often capped within cells [44].
Our ¢ndings are consistent with the interpretation
that heightened micro¢lament growth explains exag-
gerated cell extension.
Electromechanical coupling may account for met-
abolic resonance and its ¢eld-dependence. Neutro-
phils extend V10 Wm with each oscillation during
metabolic resonance. Since each actin subunit is 10
nm in size, 103 ATP molecules are required for ¢la-
ment growth in each oscillation. If neutrophils as-
sembleV103 micro¢laments during these conditions,
V106 ATP molecules are required for this task
alone. The free (as opposed to total) cytoplasmic
level of ATP in peripheral blood monocytes as mea-
sured by the luciferase assay is approximately 10311
mol/106 cells which yields V5U106 to V2U107
molecules/cell [38]. Thus, enhanced cytoskeletal ex-
tension likely induces signi¢cant cytoplasmic ATP
£uctuations. The observed electric ¢eld intensity-de-
pendence of metabolic resonance is essentially inde-
pendent of electric ¢eld intensity from V1034 to 103
V/m. Electromechanical coupling suggests that en-
hanced micro¢lament assembly is a binary switch:
either Fp+Fe is sFs or it is not, which is consistent
with a binary switch model of actin assembly [53].
Thus, metabolic resonance and its electric ¢eld-de-
pendence are accounted for by this mechanism.
Electromechanical coupling is consistent with pre-
vious observations. First, anisotropic mechanical
forces can lead to cytoskeletal polymerization and
neurite extension [54]. Although the forces necessary
to sustain mechanical neurite extension (100 Wdyne)
are greater than those reported above [47], the poly-
merization forces mediated by micro¢laments and
microtubules are in opposite directions [55], thus
qualitatively changing force balancing. Second, ex-
perimental and theoretical studies suggest that coher-
ence e¡ects will be important in explaining ELF-cell
interactions [56^58]. We suggest that physical and
physiological coherence relationships are involved.
Physical coherence is provided by an electric ¢eld
simultaneously acting on surface charges, thus exert-
ing a coherent force. Physiological coherence is due
to the endogenous oscillatory metabolic/signaling
machinery of neutrophils and its oscillatory function-
al output [8,9]. For example, high cytosolic ATP lev-
els and integrin phosphorylation may be required for
F-actin nucleation and/or signaling cell extension.
Thus, electric ¢elds must be applied when cytosolic
actin-ATP levels will support polymerization and/or
the signaling/nucleation machinery is competent to
support polymerization.
4.2.3. Prior theoretical considerations
Theoretical considerations of cellular e¡ects of
weak electromagnetic ¢elds have generally predicted
negative results. Biological e¡ects of ELF ¢elds are
dismissed because the energy of one photon is V1014
times below that necessary to break a chemical bond.
This is incorrect because a mechanism identical to
that of high energy Q-radiation is implicitly assumed
to be responsible in the absence of a known biolog-
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ical mechanism. In electromechanical force balanc-
ing, an individual photon’s energy is unrelated to
the direct formation or breakage of chemical bonds.
Adair [59] has stated ‘‘there can be no ELF cellular
resonances’’. Our studies show that cellular resonan-
ces exist. Previous theoretical analyses of signal-to-
noise ratios [60] are not relevant to the cellular sys-
tem described here. Standard theoretical treatments
do not address the temporal and phase constraints
imposed by metabolic resonance. These treatments
assume homogeneous membranes, which is not true
for migrating neutrophils [20]. Since electric ¢elds
couple with endogenous metabolic (energy) oscilla-
tions, thermodynamic equilibrium arguments are
not applicable [61]. Models involving endogenous os-
cillations of receptors and signals [62] are consistent
with our work.
4.3. Oxidants and genotoxicity
Enhanced oxidant production was observed during
metabolic resonance, which is consistent with pre-
vious experiments [9] ; this enhancement could be
due to at least two mechanisms. First, heightened
NAD(P)H concentrations may drive the NADPH
oxidase to produce more superoxide. Second, the ex-
cessive oxidation and reduction of cytoplasmic me-
tabolite pools may lead to spurious superoxide pro-
duction. One to two percent of the oxygen consumed
by mitochondria yields superoxide anions via elec-
tron transfer from ubisemiquinone [63,64]. Superox-
ide anions yield downstream products including hy-
drogen peroxide and hydroxyl radicals. Ionizing
radiation acts on water to produce these same oxi-
dants that lead to DNA damage [65,66]. We propose
that electric ¢elds act on an entire cell to trigger
metabolic resonance, thus leading to oxidants and
DNA damage. One di¡erence between ELF and ion-
izing radiation e¡ects is that only temporally phase-
matched electric ¢elds lead to DNA damage. Both
the comet and terminal deoxynucleotidyltransferase
assays detect signi¢cant DNA damage. More subtle
changes in DNA structure could occur at shorter
times. Since electric power systems nominally operate
at 60 Hz, the relevance of this mechanism to environ-
mental electric ¢elds is uncertain. However, power
system subharmonics matching d= 10 to 20 s oscilla-
tions have been reported (e.g. [67,68]). Furthermore,
the present study has focused on pulsed ¢elds, not
AC electric ¢elds. Nonetheless, chromosomal dam-
age due to such ¢elds has been reported [69]. More-
over, these pulsed ¢elds may serve as a model for
further AC ¢eld experiments.
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